Background: Myocyte enhancer factor 2 (MEF2) proteins are essential for skeletal muscle development and regeneration, but their diverse roles in differentiation have not been defined. Results: Individual MEF2 proteins regulate distinct gene programs in skeletal muscle. Conclusion: Certain genes are preferentially sensitive to a specific MEF2 isoform. Significance: These findings provide opportunities to modulate MEF2 isoform-sensitive genes in skeletal muscle health and disease.
Formation of multinucleated, contractile skeletal myotubes from muscle precursor cells involves precise integration of numerous muscle gene programs that are regulated by the cooperative activity of muscle-specific and broadly expressed transcription factors (1, 2) . The gene regulatory network that drives skeletal muscle formation in Drosophila is centered on MEF2, 2 the exclusive member of this evolutionarily conserved transcription factor in these animals, whose activity is essential for muscle differentiation and the control of a spectrum of genes throughout all stages of muscle development (3) (4) (5) . Whereas Drosophila possess a single Mef2 gene, vertebrates have evolved to encode multiple isoforms of MEF2, adding to the complexity of the transcriptional circuitry required to govern this biological process. Thus, to properly understand skeletal muscle differentiation in vertebrates, it is important to dissect the mechanisms by which individual members of the MEF2 transcription factor family regulate muscle gene programs.
The vertebrate MEF2 family of transcription factors is encoded by four genes: Mef2a, -b, -c, and -d, which display differences in their temporal and tissue expression patterns but are co-expressed throughout developing and adult skeletal muscle (6) . Furthermore, vertebrate MEF2 proteins share substantial amino acid similarity in their DNA-binding domains and bind to similar cis-acting sequences, thereby obscuring the mechanisms through which these factors regulate distinct target genes (3) . The lack of conservation between the four individual MEF2 isoforms in their carboxyl-terminal transactivation domain and the dramatically different phenotypes of the various MEF2-deficient vertebrate models suggests that individual MEF2 isoforms regulate distinct gene programs in muscle. MEF2 transcriptional function is further complicated by complex tissue-specific and temporal alternative splicing of mRNA transcripts produced from each of the four Mef2 genes (3, 7, 8) .
There is growing evidence that the MEF2 family of transcription factors function nonredundantly in mammalian skeletal muscle. Skeletal muscle-specific MEF2C knock-out mice display widespread myofiber structural abnormalities perinatally, and a subset of these mice survives to adulthood with alterations in skeletal myofiber type (9, 10) . Conversely, mice with a global deletion of MEF2A or skeletal muscle-specific deletion of MEF2D display normal skeletal muscle development (9) .
Interestingly, adult MEF2D knock-out mice also exhibit alterations in skeletal myofiber type distribution (10) . We and others have previously shown that MEF2A deficiency results in impaired differentiation of C2C12 skeletal myoblasts and primary myoblasts isolated from injured skeletal muscle of adult MEF2A knock-out mice (11, 12) . In contrast, differentiation is not impaired when MEF2A is deleted specifically in adult satellite cells in the context of muscle injury but is perturbed when MEF2A, -C, and -D are deleted simultaneously in these cells (13) . These results suggest that some of the transcriptional functions of mammalian MEF2 proteins in skeletal muscle overlap but that distinct regulatory activities emerge in certain biological settings.
Because no study to date has comprehensively analyzed the individual transcriptomes of the four mammalian MEF2 proteins in muscle, we sought to gain a better understanding of their diverse regulatory roles in skeletal muscle differentiation. Toward this end, we developed isoform-specific short hairpin RNAs to knock down the expression of each MEF2 protein in C2C12 myoblasts, followed by phenotypic analysis of myotube formation along with global gene expression profiling. With the exception of MEF2A, we found that knockdown of MEF2B, -C, or -D either individually or in combination did not impair C2C12 myotube formation, indicating that MEF2B, -C, and -D, are dispensable for this process. Remarkably, dysregulated gene expression analysis revealed that individual mammalian MEF2 proteins regulate numerous nonoverlapping genes in C2C12 cells. Finally, computational analysis of MEF2 isoform-dependent target genes failed to show differences in the predicted MEF2 DNA-binding sites, but each gene set displayed dramatically different enriched transcription factor-binding site motifs located within their proximal upstream regulatory regions.
EXPERIMENTAL PROCEDURES
Cell Culture-C2C12 and COS cells were cultured as described previously (14) . Specificity of the Mef2b and Mef2d shRNAs was tested by co-transfection of COS cells with MEF2-FLAG and pENTR shRNA constructs. For modulating MEF2 expression levels in myoblasts, C2C12 cells were transduced either with adenoviruses harboring shRNAs targeting individual Mef2 isoforms or in combination with adenoviruses overexpressing full-length MEF2 cDNAs. Cells were allowed to differentiate for 72 h before being analyzed.
Plasmids-MEF2A-FLAG and MEF2C-FLAG plasmids were generated by cloning full-length mouse cDNAs into pCMV-tag4 (Invitrogen). MEF2B-FLAG and MEF2D-FLAG (human) were kind gifts from T. Gulick (Sanford Burnham Medical Research Institute, Orlando, FL). shRNA sequences targeting either Mef2b or Mef2d transcripts were cloned into the pENTR TM / U6 RNAi entry vector according to the manufacturer's instructions (Invitrogen).
shRNA Design and Knockdown-Adenoviruses carrying shR-NAs were generated as described previously (15) . Briefly, shRNA sequences targeting either Mef2b or Mef2d transcripts were generated using the BLOCK-iT RNAi TM designer system (Invitrogen). Human, mouse, and rat mRNA sequences were analyzed for conservation of the proposed shRNA sequences.
shRNAs that targeted multiple Mef2 isoforms or that were found within alternatively spliced exons were excluded. The Mef2a shRNA adenovirus was used at a multiplicity of infection of 25 for all assays. The Mef2b, -c, and -d shRNA adenoviruses were used at a multiplicity of infection of 50 for all assays. ␤-gal, MEF2A, MEF2C, MEF2D, and MEF2-VP16 overexpression adenoviruses were generously provided by Jeff Molkentin (Children's Hospital, Cincinnati, OH) and Ken Walsh (Boston University Medical School) and were used at a multiplicity of infection of 50.
Microarray-Seventy-two hours after induction of differentiation, total RNA from shlacZ (n ϭ 6), shMef2a (n ϭ 6), shMef2b (n ϭ 6), shMef2c (n ϭ 6), and shMef2d (n ϭ 6) C2C12 myotubes was prepared by TRIzol isolation (Invitrogen). Samples were pooled in sets, for a total of three biological replicates per condition. Samples were hybridized to the Mouse GeneChip Gene 1.0 ST array (Affymetrix) at the Boston University Microarray Facility (n ϭ 3 per shRNA; 15 arrays total). Microarray data are available in GEO (NCBI) with accession number GSE63798.
Construction of Isoform Sensitive Gene Sets-Microarray data were annotated with Entrez ID numbers. Genes were analyzed for statistical significance and sorted into groups based on shared dysregulation among the treatment groups.
Quantitative RT-PCR-RNA from C2C12 MEF2 knockdown experiments (n ϭ 3) was used to synthesize cDNA using reverse transcriptase (Moloney murine leukemia virus) with random hexamers (Promega). Quantitative RT-PCR was performed in triplicate wells using Power SYBR Green Master Mix (Applied Biosystems) with the 7900HT sequence detection system (Applied Biosystems). The primers used were: Gapdh forward, CACGTGGTGAAGCTCTGGTC; and Ppp1r3a forward, 5Ј-GCTAGACTTGATGATAAACCAACGG, and reverse, 5Ј-CCCATGAACAAGTCAGTGTTGA.
Western Blot Analysis-Western blots were performed as previously described (12) . Antibodies included: anti-GAPDH (1:1,000; Santa Cruz), anti-MEF2 (1:1,000; Santa Cruz), anti-MEF2C (1:1,000; Sparrow Biosciences), anti-MEF2D (1:1,000: BD Biosciences), anti-FLAG (1:10,000; Sigma), anti-␣-tubulin (1:1,000; Sigma), and anti-MF-20 (1:200; supernatant, DSHB). Blots were incubated with horseradish peroxidase-conjugated secondary antibodies (1:10,000; Sigma) and reacted with Western Lightning chemiluminescent reagent (PerkinElmer Life Sciences).
Computational Pathway Analysis-Statistically distinct gene sets sensitive to individual MEF2 isoforms were analyzed using three independent pathway analysis algorithms. Gene Ontology term and Kyoto Encyclopedia of Genes and Genomes pathway analyses were performed through the DAVID bioinformatics database (16, 17) . Ingenuity Pathway Analysis (Ingenuity systems) was used to determine the canonical cellular pathways associated with each uniquely sensitive gene set.
MEF2-binding Site Variation Analysis-MEF2-binding site comparisons were performed by extracting putative MEF2binding sites from the proximal promoter regions (5 kb upstream of the putative transcriptional start site) of gene sets uniquely sensitive to each MEF2 isoform using the Find Individual Motif Occurrences (FIMO) tool from the Multiple Em for Motif Elicitation (MEME) suite (18) . Extraction was performed by scoring 10 base pair motifs against the MEF2 motif stored in the JASPAR database (MA0052.1) using a p value threshold of less than 0.0001. The output position-weight matrices were then used to compile a sequence logo using the WebLogo (19) .
De Novo Motif Discovery-Transcription factor-binding motif enrichment analysis was performed on the proximal promoter region of genes preferentially sensitive to each MEF2 isoform using MatInspector from the Genomatix software suite (20) . A default background composed of a cross-section of genomic promoter sequences was used to discriminate between enriched features and nonspecific promoter regions. The resulting transcription factor motifs were then sorted by Z score. Motifs with a Z score of greater than or equal to 2 were considered to be enriched. Additional data for each enriched motif was extracted from the Genomatix MatBase and NCBI databases.
Statistical Analysis-All numerical quantification is representative of the mean Ϯ S.E. of at least three independently performed experiments. Statistically significant differences between two populations of data were determined using Student's t test. p values of Յ0.05 were considered to be statistically significant. The technical quality of the arrays was evaluated using relative log expressions and normalized unscaled standard error. Relative log expressions and normalized unscaled standard error values Ͼ0.1 and Ͼ1.05, respectively, are considered out of normal limits. All arrays had median values within the limits of these tests. Microarray data were normalized using the robust multiarray average algorithm and were log2 transformed by default. Knockdown efficiency was determined by calculating a fold change for each MEF2 isoform knockdown relative to the shlacZ control. Significant dysregulation of gene expression was determined using a one-way analysis of variance. The Benjamini-Hochberg false discovery rate correction was then applied to obtain corrected q values, and a q value threshold of less than or equal to 0.05 was used to determine significant dysregulation. Tukey's honest significant difference post hoc test was performed to identify significantly dysregulated genes and correct for multiple testing error across all intergroup comparisons. A corrected q value of 0.05 was used to determine statistically significant gene dysregulation among groups.
RESULTS
MEF2 Isoform-specific Short Hairpin RNA Adenovirus-To address the roles of the mammalian MEF2 transcription factors in skeletal muscle differentiation, we depleted each protein in C2C12 myoblasts using isoform-specific shRNA adenoviruses. These shRNAs were designed to target all mRNA transcripts generated from each Mef2 gene. Previously, we described the specific and robust knockdown of MEF2A and MEF2C using shRNA adenoviruses (11, 15) . We subsequently generated shRNAs to specifically target MEF2B ( Fig. 1A ) and MEF2D (Fig.  1D ). The efficacy of these newly designed MEF2 shRNAs was examined in COS cells co-transfected with each shRNA along with either MEF2B-FLAG or MEF2D-FLAG. These shRNAs robustly knocked down the expression of the respective MEF2 protein without affecting the expression of the other MEF2 family members, demonstrating the specificity of these shRNAs ( Fig. 1, B and E). The MEF2B and MEF2D shRNAs were subsequently packaged into adenovirus for transduction in C2C12 cells. Transduction of MEF2B-and MEF2D-specific shRNA adenoviruses robustly knocked down the expression of the respective endogenous MEF2 factor but did not deplete the expression of the other MEF2 family members ( Fig. 1 , C and F).
Knockdown of MEF2 Proteins in C2C12 Myoblasts-The four mammalian MEF2 factors display different temporal expression patterns in C2C12 differentiation (11, 21) . Therefore, we focused our analysis of the individual MEF2 isoform knockdowns on differentiation day 3, because this reflects the time at which the four MEF2 proteins are co-expressed in myotubes. Proliferating C2C12 myoblasts were transduced with the shRNA adenoviruses, and on differentiation day 3, MEF2-depleted myotubes were evaluated for gross morphological defects in the formation of multinucleated myotubes. As previously reported by us and others, MEF2A depletion resulted in impaired myotube formation and differentiation ( Fig. 2 , A-C) (11, 12) . By contrast, individual depletion of the other MEF2 proteins failed to show any obvious impairment in myotube formation or differentiation ( Fig. 2 , A-C). These results suggest that, with the exception of MEF2A, the remaining MEF2 proteins are dispensable for C2C12 myogenic differentiation.
We then asked whether depletion of MEF2B, -C, or -D could modulate the impaired differentiation phenotype of MEF2Adeficient C2C12 cells. As shown in Fig. 2 (D-F), individual depletion of the other MEF2 proteins in the MEF2A-deficient C2C12 myoblast background resulted in a phenotype similar to MEF2A deficiency alone ( Fig. 2D, upper panels) . We subse-quently knocked down MEF2B, -C, and -D in combination to investigate the potential redundancy of these proteins in C2C12 differentiation. Knockdown of MEF2B and -C, MEF2B and -D, MEF2C and -D, or all three MEF2 proteins did not adversely affect C2C12 differentiation ( Fig. 2 , D, lower panels; E; and F). These results demonstrate that MEF2A is sufficient for C2C12 differentiation and that it may play a dominant role in this context.
MEF2 Overexpression in Wild Type and MEF2A-depleted C2C12 Cells-In a complementary set of experiments, we asked whether overexpression of each MEF2 protein in C2C12 myoblasts is sufficient to induce a morphological phenotype in these cells. For these experiments, we used adenoviruses harboring MEF2A, -C, and -D cDNAs, which have been previously described (22) . Transduction of these MEF2 viruses individually in C2C12 myoblasts resulted in an increase of the respective MEF2 protein over endogenous levels (Fig. 3A) . However, overexpression of the individual MEF2 isoforms in proliferating C2C12 myoblasts followed by differentiation failed to trigger an overt morphological phenotype in these cells ( Fig. 3B ). Curi-ously, contrary to a recent report (8) , acute overexpression of MEF2D did not appear to enhance myotube formation in C2C12 cells, even though this adenovirus encodes the musclespecific ␣2 isoform described in that study.
We next determined whether overexpression of MEF2A, -C, or -D was capable of rescuing the differentiation defect in MEF2A-deficient C2C12 cells. Transduction of MEF2C or -D adenoviruses failed to rescue myotube formation or differentiation in MEF2A-depleted C2C12 cells ( Fig. 3 , C, F, and G). By contrast, transduction of MEF2A-depleted C2C12 cells with MEF2-VP16 adenovirus (22) , consisting of only the MEF2C DNA-binding and the VP16 transactivation domains, effectively promoted myotube formation and differentiation ( Fig. 3 , C, F, and G). Importantly, the rescue by MEF2-VP16 strongly suggests that impaired C2C12 differentiation is caused by the specific knockdown of MEF2 and not secondary off target effects caused by the shRNA. It is worth noting that MEF2A overexpression was unable to rescue the MEF2A-deficient phenotype because the MEF2A cDNA encoded in this adenovirus is knocked down by this shRNA (Fig. 3 , D and E).
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Gene Expression Profiles and Comparative Analysis of Individual MEF2 Knockdown in C2C12
Cells-The lack of readily observable phenotypes in the individual and combinatorial knockdowns of MEF2B, -C, and -D suggested that these proteins function redundantly in C2C12 myotube formation. Furthermore, the inability of MEF2C and -D overexpression to rescue impaired myotube formation in MEF2A-depleted C2C12 cells demonstrates that they are not functionally redundant with MEF2A in this process. Therefore, to determine what sets of genes and cellular processes are regulated by individual MEF2 proteins in skeletal myotubes, we performed global gene expression profiling for each knockdown.
Microarray analysis of C2C12 myotubes depleted of individual MEF2 proteins (n ϭ 3 arrays for each MEF2 shRNA) resulted in a range of significantly dysregulated genes (Fig. 4, A  and B) , as determined by a one-way analysis of variance using the Benjamini-Hochberg false discovery rate correction and a threshold q value less than or equal to 0.05. Using these stringent criteria, the most striking difference in the total number of dysregulated genes was observed for MEF2A and -D knockdowns. As shown in Fig. 4 (A and B) , depletion of MEF2A revealed 4,020 significantly dysregulated genes, whereas MEF2D deficiency resulted in only 110 dysregulated genes. A wide disparity was also noted when comparing the MEF2A knockdown with that of MEF2B and -C, suggesting that MEF2A plays a major transcriptional function in C2C12 cells. The microarray results were subsequently validated by quantitative RT-PCR analysis on a subset of the top dysregulated genes (up-and down-regulated) from each individual knockdown. Most of the genes examined displayed the expected dysregulation ( Fig. 4C ).
To identify genes sensitive to a given MEF2 isoform, we compared the various dysregulated gene sets to determine the extent of overlapping genes. MEF2-dependent genes were des- 
MEF2 Isoform-dependent Gene Programs in C2C12 Differentiation
ignated as isoform-sensitive (or nonoverlapping) if they were significantly different from each other using the Tukey's honest significant difference post hoc test. Based on these strict statistical criteria, a subset of genes in each MEF2 knockdown was clearly found to be significantly more sensitive to the respective MEF2 isoform compared with the other family members. As shown in the Venn diagram (Fig. 4B) , these nonoverlapping dysregulated groups included 3,248 genes (81% of the total dysregulated by MEF2A) for MEF2A, 126 genes (12%) for MEF2B, 101 genes (10%) for MEF2C, and 28 genes (25%) for MEF2D. This comparative analysis also revealed that many (75-90%) of the genes dysregulated in the MEF2B, -C, and -D knockdowns were dysregulated in one or more of the other MEF2 depletions. Furthermore, the overlap of dysregulated genes in the pairwise combinations of MEF2D and either B or C gene sets was quite low (two and three genes, respectively) in comparison with the extent of overlap seen in any of the other combinations, such as MEF2A and -B (171 overlapping genes), MEF2A and -C (110 genes), MEF2A and -D (32 genes), and MEF2B and -C (298 genes). Finally, there were only 21 of over 7,000 dysregulated genes (Ͻ0.003%) shared by all four MEF2 knockdowns. These results suggest that only a small fraction of MEF2-dependent genes in C2C12 cells can be regulated by all four MEF2 proteins, but most can be regulated by two or three of these transcription factors, either as homodimers or combinations of heterodimers.
Analysis of the dysregulated patterns, i.e. up-or down-regulated in each MEF2 gene set, of the 21 genes revealed that only five of the potential twenty-four different patterns were represented (Fig. 4D) . Interestingly, genes that were down-regulated upon depletion of MEF2A or MEF2D were up-regulated in MEF2B or MEF2C depletion and were the most prevalent group, comprising two-thirds of the dysregulated patterns. Additionally, only a single gene, Dpy19l1 (DumPY19-like 1), was down-regulated in each of the MEF2 isoform depletions. Dpy19l1 is the apparent ortholog of a Caenorhabditis elegans gene, dpy-19, that encodes a transmembrane protein with C-mannosyltransferase activity involved in neuroblast migration (23, 24) . Dpy19l1 may also function upstream of genes involved in muscle development in worms, making it an exciting MEF2-dependent gene to further investigate (WormBase).
Classification of Cellular Processes in MEF2 Knockdown Gene Sets-To gain insight into the distinct roles of the MEF2 family in C2C12 myotubes, nonoverlapping dysregulated genes in each subgroup were categorized into cellular processes using three independent functional pathway analysis algorithms: Ingenuity Pathway Analysis (IPA), Gene Ontology, and Kyoto Encyclopedia of Genes and Genomes. IPA of MEF2-sensitive gene sets revealed that the preferentially dysregulated target genes from each MEF2 knockdown function in vastly different cellular processes (Table 1) . Many genes distinctly sensitive to MEF2A play roles in calcium signaling and actin cytoskeletal rearrangement. Genes preferentially regulated by MEF2B are associated with hepatic fibrotic pathways, ovarian cancer signaling, and human stem cell pluripotency, whereas genes preferentially regulated by MEF2C are involved in control of the G 1 /S cell cycle checkpoint, eicosanoid signaling, and estrogenmediated S phase entry. Genes regulated by MEF2D appear to be involved in JAK2-like signaling and hypoxic response. Other canonical pathways in the MEF2D gene set, such as atherosclerosis signaling and AMPK signaling, did not reach statistical significance. Interestingly, IPA also revealed that some MEF2 family members regulate similar cellular processes, even though the isoform-sensitive genes do not overlap and code for different proteins. For example, the canonical pathways related to cancer was shared by MEF2A (molecular mechanisms of cancer) and MEF2C (ovarian cancer signaling), and Rho signaling was shared by MEF2A (Rho family GTPases) and MEF2D (RhoA signaling). These results likely reflect distinct proteins belonging to the same pathway. IPA was also performed on the 21 dysregulated genes common to all four MEF2 proteins ( Table 1) . Of the top five canonical pathways, three appear to be highly relevant to muscle function. Integrin and FAK signaling have been shown to play a role in adhesion and signaling at the myofiber periphery (26) , and calpain proteases are calcium-regulated proteases important in skeletal muscle homeostasis (27) .
Like the IPA, both Gene Ontology and Kyoto Encyclopedia of Genes and Genomes algorithms revealed that the various MEF2 isoform target genes function in different cellular pro-cesses, and in most instances, these algorithms predicted pathways similar to those predicted by IPA (supplemental Tables S1 and S2). It is worth noting that some overlap in basic skeletal gene programs is observed among the MEF2 family, particularly between MEF2A and -C. Taken together, these computational analyses suggest that the four mammalian MEF2 factors regulate partially overlapping but predominantly distinct gene programs in C2C12 differentiation.
Identification of Distinct TF-binding Sites Associated with Each MEF2 Knockdown Gene Set-To mechanistically understand the preferential sensitivity of target genes to MEF2 isoforms, we reasoned that sensitivity to a given MEF2 protein is determined by minor variations in the MEF2 DNA-binding site consensus sequence, with the assumption that a number of these genes are direct targets. Based on FIMO analysis of the proximal promoter regions, no significant variations were observed in the consensus MEF2 DNA-binding sequence, CTA(A/T) 4 TAG (data not shown).
In the absence of any variations in MEF2-binding site sequence, we reasoned that the isoform sensitivity of dysregulated genes in each MEF2 group results from a distinct combination of transcription factor (TF)-binding sites in the various promoters. To identify TF motifs enriched in gene sets associ- 
Analysis of canonical pathways associated with each MEF2 isoform
Each preferentially sensitive MEF2 gene set, including the 21 commonly dysregulated genes, were analyzed using Ingenuity Pathway Analysis software. The top five most significantly regulated canonical pathways are provided. These pathways were analyzed for statistically significant association with each unique MEF2-sensitive gene set, and all were found to be significant (p Ͻ 0.05) with the exception of the MEF2D-associated canonical pathways, likely because of the small number of MEF2D-sensitive genes dysregulated in the expression analysis. Also provided is the amount of genes dysregulated in each MEF2 factor knockdown in relation to the accepted number of genes associated with each canonical pathway (ratio). ated with a single MEF2 factor knockdown, we performed de novo motif discovery using the MatInspector transcription factor-binding site enrichment analysis (Genomatix). Motifs were considered significantly enriched in a set of promoters if the Z score was greater than or equal to 2. As shown in Fig. 5A , over 90% of the overrepresented binding site motifs were shared by two or more MEF2 factors, and less than 10% of enriched motifs were found in genes regulated by a single MEF2 protein. De novo motifs were then sorted into groups based on their enrichment in gene sets associated with each of the four MEF2 isoforms. This analysis showed that 14% of MEF2A-, 1% of MEF2B-, 0% of MEF2C-, and 5% of MEF2D-sensitive genes harbored motifs that were preferentially enriched in proximal promoter regions in the respective MEF2 knockdown (Fig. 5B) . Similar to the disparity in the number of dysregulated genes in each MEF2 knockdown, the number of de novo motifs associated with each MEF2 gene set varied greatly. As shown in Fig.  5B , a total of 15 DNA-binding site motifs were identified specifically in the MEF2A-sensitive gene set and were not shared by the other MEF2 isoform gene sets. This was followed by one distinct motif in the MEF2B-sensitive gene set and two distinct motifs in the MEF2D-sensitive gene set. Remarkably, the MEF2C-sensitive dysregulated genes did not harbor DNAbinding site motifs specific to this data set. This analysis indicates that all of the de novo motifs in MEF2C-sensitive genes were found in one or more of the other MEF2 isoform gene sets. Another intriguing result of this analysis was the finding that not a single DNA-binding sequence motif was preferentially associated with the overlapping genes from the MEF2B-and -C-, MEF2B-and -D-, and MEF2C-and -D-sensitive promoter sets (supplemental Table S3 ). All of the motifs found in these overlapping gene sets were also found in the MEF2A sensitive gene set. Thus, there may be a common mechanism through which a subset of MEF2-dependent genes is regulated by the individual MEF2 proteins.
Canonical pathway p value
Regardless of the MEF2 isoform-sensitive gene set, most of the transcription factors predicted to bind to these DNA sequence motifs are broadly expressed, and the vast majority encode C2H2 zinc finger and homeodomains ( Table 2) . These particular binding domains are among the most prevalent in transcription factor superfamilies (28 -30). Moreover, they can function both as activators and repressors and regulate a broad spectrum of target genes and cellular processes, including differentiation. Although these are large transcription factor families, this analysis clearly identified specific transcription factors ( Table 2) .
We next performed an extensive literature search to determine the cellular function of these predicted transcription factors ( Table 2 ) and focus on those that were likely to play a role in skeletal muscle differentiation. Four of the TF-binding sites enriched in the MEF2-sensitive gene sets bind factors that may play a role in skeletal muscle differentiation. In the MEF2A sensitive module, the distal-less homeobox transcription factors Dlx1-6 were among the most significantly enriched TFs. Dlx factors are important for limb and craniofacial development. Although few studies exist on their role in muscle development, a related family member, Msx1, is associated with maintenance of an undifferentiated state during migration of proliferative skeletal muscle precursors (25) . Another significantly enriched MEF2A-associated TF module identified Zfhx3/Atbf1, a well characterized inhibitor of myogenic differentiation. It acts primarily as a transcriptional repressor through the obstruction of E-box motifs on muscle-specific promoters. Although Zfhx3 functions as a repressor, one splice variant, Zfhx3-B, acts as a transcriptional activator that contributes to myogenic differentiation (31) .
Two families of transcription factors were associated with MEF2D-sensitive genes in our de novo motif analysis. Meis1 and Pknox2 are members of a small family of transcription factors that function in skeletal muscle as pioneer transcription factors to stabilize the MyoD/E12 DNA interaction on suboptimal E box sites, such as the E box found on the myogenin promoter (32) (33) (34) . Although little is known about the function of Pknox2, it is similar in homology to Meis1 and is highly expressed in skeletal muscle tissue (35) .
The final transcription factor associated with MEF2D-sensitive genes is Gtf2ird1/Gtf3. Gtf3 shares high homology with TFII-1, suggesting an important role in the integration of muscle-specific transcription factor activity and the general transcriptional machinery of the cell (36) . Gtf3 has 23 known splice variants, 11 of which are only detectable in skeletal muscle. Interestingly, the human Gtf3 ortholog is localized to a region of the genome that is deleted in Williams-Beuren syndrome, a disease associated with muscle weakness and atrophy. Of the FIGURE 5. Identification of distinct TF-binding sites associated with each MEF2 knockdown gene set. A, transcription factor-binding motif enrichment analysis was performed on the proximal promoter regions of each MEF2 gene set. Approximately 43% of binding motifs were shared by all four gene sets, 32% were shared by three MEF2 gene sets, 18% were shared by two MEF2 gene sets, and 7% are enriched only in genes regulated by a single MEF2 factor. B, breakdown of motif distribution by MEF2 isoform. MEF2A had the highest percentage of uniquely enriched motifs, and no unique motifs were identified for MEF2C-sensitive genes. TFBS, transcription factor binding site.
TABLE 2 Transcription factor-binding site enrichment analysis
Binding site enrichment analysis was performed on gene sets preferentially regulated by each MEF2 factor using the Genomatix software suite. Fifteen motifs were uniquely enriched in the MEF2A-sensitive gene set, two were enriched in the MEF2B set, no motifs were enriched in the MEF2C set, and two were enriched in the MEF2D set. The table provides the description of each enriched motif with a calculated Z score (Z Ͼ 2 was considered significantly enriched). The known binding factors and their relevant binding domains are included. Finally, a summary of the function of each of these binding factors is provided. genes deleted in this region, Gtf3 is the only one associated with skeletal muscle function, suggesting an important role for Gtf3 activity in human skeletal muscle (37) . The aforementioned transcription factors represent interesting candidates to further investigate the mechanisms of MEF2 isoform-specific transcriptional regulation. Although we highlighted transcription factors that may function in muscle, the computational analysis suggests that specificity in gene regulation by MEF2 isoforms is primarily established by unique combinations of broadly expressed transcription factors. The potential role of these transcription factors in muscle and their ability to mediate specificity to MEF2 isoform-dependent gene programs remains to be seen.
TF module
DISCUSSION
The molecular mechanisms by which MEF2 controls gene expression and how its activity is regulated by signaling pathways in muscle have been intensely investigated. Previous studies have used dominant negative and genome wide ChIP approaches to report the role of MEF2 in skeletal myoblast differentiation in vitro (38 -40) . However, these studies did not explore potential differences in MEF2 isoforms, and a carefully designed systematic analysis into the distinct transcriptional functions of the individual vertebrate MEF2 proteins in this process has not been performed. Here, we have used acute isoform-specific knockdown of the four mammalian MEF2 proteins in a well defined muscle differentiation context followed by genome-wide expression profiling to examine the requirement of each MEF2 isoform and its downstream pathways in this process.
Individual knockdown of mammalian MEF2 family members in C2C12 cells revealed three key findings. First, that MEF2A is absolutely required for C2C12 differentiation and that the remaining MEF2 proteins, MEF2B, -C, and -D, were dispensable for this process. Second, that there was a surprisingly broad spectrum in the number of genes sensitive to a given MEF2 isoform. Third, although depletion of MEF2B, -C, or -D either individually, in combination, or altogether did not cause an overt phenotype, we discovered that deficiency of individual MEF2 isoforms resulted in significant gene dysregulation. Interestingly, many of these genes did not overlap and were sensitive to a particular mammalian MEF2 isoform.
Along these lines, our transcriptome results show varying degrees of overlap with previously published MEF2 ChIP studies. Using a custom CpG island array and a pan-MEF2 antibody, 20 genes were identified in C2C12 cells whose promoters were enriched for MEF2 binding (39) . Of these, only nine overlapped with our microarray data and were found exclusively in the MEF2A gene set, suggesting that they may be direct targets of MEF2A. Another study used a standardized microarray 4 days postdifferentiation (C2C12 cells) to identify 22 genes enriched for MEF2 binding (40) , of which 16 were significantly dysregulated in our study. These 16 genes were distributed among the MEF2 knockdown gene sets. A more recent study (8) looked at the binding enrichment of two MEF2D splice variants in C2C12 cells using ChIP sequencing. These assays yielded 160 genes with significant MEF2D binding on differentiation day 5, of which 126 were found in our MEF2 knockdown gene sets. Curi-ously, we found many of their MEF2D-specific genes to be sensitive to the knockdown of other MEF2 factors. These results suggest that genes bound by MEF2D may also be regulated by other MEF2 isoforms, depending on context or are regulated by specific combinations of MEF2D heterodimers. Finally, while this work was in revision, an RNA sequencing analysis of MEF2A siRNA knockdown in C2C12 myotubes (day 2) was performed (41) . Of the 1,207 dysregulated genes described in that study, ϳ50% of the genes were found to overlap with our MEF2A dysregulated gene set. The relatively modest overlap of these gene sets may reflect the different time points, knockdown method, or procedure used to analyze gene expression profiles.
Overexpression of MEF2C, MEF2D, or both in the MEF2Adeficient C2C12 background was unable to rescue the impaired differentiation defect in these myoblasts. However, the MEF2-VP16 adenovirus was able to restore myotube formation and expression of MHC to wild type levels. This difference may be explained by the ability of the MEF2-VP16 protein to function as a potent transcriptional activator and overcome any encoded specificity within the regulatory regions of MEF2A-dependent genes. Additionally, because MEF2-VP16 contains the MEF2C DNA-binding domain, which is highly conserved among the mammalian MEF2 proteins and has only a single amino acid difference between this and the MEF2A DNA-binding domain, these results suggest that target gene selectivity is directed by the carboxyl-terminal transactivation domain of the MEF2 proteins. Therefore, an interesting area of investigation in the future would be to generate chimeric MEF2 proteins harboring different combinations of the DNA-binding and carboxyl-terminal domains to determine whether any of these MEF2 variants are capable of rescuing the differentiation defect or altering target gene preferences.
Given the profound differentiation defect in MEF2A-deficient C2C12 cells, we searched the MEF2A dysregulated gene set for genes that may help explain the phenotype. Although the MEF2A gene set has numerous dysregulated genes that may explain the phenotype, we were intrigued by four of these genes. The first gene that caught our attention was MyoD. MyoD is a master muscle regulatory transcription factor in myogenic differentiation, and among its myriad roles in muscle gene regulation, its knockdown prevents myoblast differentiation (42) . We also noted the down-regulation of myoferlin (Myof). Myoferlin is responsible for sarcolemmal repair at the site of myoblast fusion, and a deficiency prevents myoblast fusion (43) . The final two gene candidates, palladin (Palld) and formin-binding protein (Fnbp1l), are actin-associating remodeling molecules that play integral roles in actin-mediated signaling required for myogenic differentiation and myotube fusion (44, 45) . Loss of either of these proteins leads to a fusion deficient phenotype in C2C12 differentiation. Although expression of none of these genes is completely abrogated in the MEF2A knockdown, the collective down-regulation of these genes may contribute to defective C2C12 differentiation.
The cellular pathways dependent on individual MEF2 isoforms in C2C12 myoblasts were found to vary considerably, which is not surprising given the extent of nonoverlapping genes. MEF2A was predicted to regulate genes involved in actin cytoskeletal rearrangement, consistent with its regulation of structural genes encoding proteins localized to the costamere in cardiac muscle (15, 46) . It is intriguing that regulation of the actin cytoskeleton was not identified among the top canonical pathways in the MEF2B, -C, or -D dysregulated gene sets, considering these MEF2 proteins have been shown to regulate muscle structural genes in vitro and in vivo (46) . Although expression profiling clearly identified this category of genes in all of the MEF2 knockdowns, other pathways were found to be more significantly dysregulated in the MEF2B, -C, or -D gene sets. Based on the extensive overlap of the MEF2B, -C, and -D dysregulated genes, it appears that regulation of muscle structural genes can be compensated for by any one of the remaining MEF2 proteins and/or that regulation of these genes is more dependent on MEF2A. Given the importance of cytoskeletal proteins in muscle function, it is possible that these genes have evolved less stringent transcriptional mechanisms relating to their regulation by the various MEF2 isoforms.
The computational analysis of predicted MEF2-binding sites in each of the MEF2-sensitive dysregulated gene sets did not identify any significant differences in this consensus sequence. This is not entirely surprising because the binding to different MEF2 consensus sequences in an isoform-specific manner has not been reported. One caveat of using FIMO to identify MEF2 cis-acting sequences is that this algorithm is based exclusively on published MEF2-binding sites, thereby restricting the MEF2 motif analysis to this limited data set. Nevertheless, the computational analysis revealed a significant difference in the transcription factor modules of overrepresented DNA-binding sites associated with each of the various MEF2 isoform gene sets. An interesting finding that emerged in this analysis is the observation that not a single, predicted transcription factor-binding site motif was uniquely associated with the MEF2C-sensitive cohort. This likely resulted from complete overlap with analogous motifs found in the other MEF2 isoform-regulated genes. These findings suggest that mechanisms beyond distinct coregulators in the proximal promoter are necessary for MEF2Cdependent gene regulation in skeletal muscle. Perhaps transcription of MEF2C-sensitive genes by MEF2C requires a specific arrangement of common DNA-binding site motifs rather than unique sequences in these regulatory regions.
Another intriguing finding was the lack of E-box motifs, which are recognized by basic helix-loop-helix proteins such as MyoD. It is firmly established that MEF2 and the MyoD family form an important cooperative interaction in the regulation of muscle genes (47) . In our computational analysis, E-box motifs were actually found to be significantly underrepresented. Our interpretation of this result is that E-box motifs are prevalent throughout the mouse genome (48) and consequently, using proximal promoters as the background from which motifs are subtracted, result in significantly reduced frequency of this binding site in the MEF2-sensitive gene sets.
Our findings reveal isoform-specific differences in the regulation of genes by the mammalian MEF2 transcription factors in C2C12 differentiation. It is important to note, although C2C12 myoblasts are a widely accepted in vitro model of skeletal muscle differentiation, that the MEF2-dependent transcriptome in these cells may differ from that in primary skeletal myoblasts. Additionally, our computational data support the model whereby MEF2-dependent transcriptional regulation is modulated by co-factor interactions and not through differences in the MEF2 consensus sequence. The present study has taken this notion a step further by demonstrating that the target gene selectivity of a given MEF2 isoform may be dictated by one or more distinct co-regulatory partners. Our results pave the way for future studies of MEF2-dependent regulation of isoform-sensitive genes in muscle by focusing on the in vivo occupancy of specific dimeric combinations of MEF2 proteins in the context of chromatin.
